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 The ﬁrst two authors contributed equally to this pDespite the importance of cyclin-Cdk related kinases (CRK) in regulation of cell and life cycle of
kinetoplastida parasites, only limited knowledge about their substrates are presently available.
Here, the potential substrates were searched for an S-phase LdCyc1-CRK3 complex from Leishmania
donovani based on the presence of Cdk target phosphorylation site together with the cyclin interact-
ing Cy-motif in genome-derived putative protein sequences. Three substrates could be identiﬁed
with one of them being a unique protein with no known homologues. Another identiﬁed substrate
is similar to MYST family of histone acetyl transferase and the third one contains Ku-70 related con-
served domains. All the substrates interact directly with LdCyc1 and are phosphorylated in a
Cy-motif dependent manner suggesting the importance of Cy-motif for their functions.
Structured summary of protein interactions:
LdCyc1 physically interacts with Ld14.0140L by pull down (View interaction).
LdCyc1 physically interacts with Ld28.0070L by pull down (View interaction).
LdCyc1 physically interacts with Ld29.1050L by pull down (View interaction).
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The cell cycle progression in eukaryotes is primarily regulated
through phosphorylation of various key proteins by the conserved
family of cyclin dependent protein kinases (Cdks) [1–3], and there-
fore, identiﬁcation of their cellular substrates is extremely impor-
tant for a comprehensive understanding of the Cdk regulatory
network. However, less than a hundred Cdk targets have been
reported in the literature so far, though several screening studies
have provided lists of potential substrates in yeasts and other
eukaryotes [4].
Several Cdk related kinases (CRKs) and cyclins have also been
identiﬁed in early branching pathogenic kinetoplastida parasites
that particularly affect people in tropical and subtropical countries
[5]. The parasites undergo a biphasic life cycle involving two differ-
entmorphological forms – the ﬂagellated promastigotes in the sand
ﬂy vector and non-ﬂagellated amastigotes in host macrophages
[6,7]. The morphological transformation between the different life
cycle forms and themanifestation of diseases are intricately related
to cell cycle regulation [8], though the details of the targets of CRKs,
the key regulators of cell cycle machinery, are still lacking.
Recently, we have reported the characterization of an S-phase
cyclin LdCyc1 from Leishmania donovani which forms a complexchemical Societies. Published by E
ha@gmail.com (P. Saha).
aper.with LdCRK3. LdCyc1 [9,10] contains the conserved substrate dock-
ing MRAIL-like motif, which is also found in other cyclins and
responsible for the interaction with consensus RRL-like cyclin
binding (Cy) motif present on the target proteins. The Cy-motif
was ﬁrst identiﬁed in the cyclin-Cdk inhibitor p21 [11], and later
found to be present in other inhibitors (p27 and p57), activator
Cdc25A [12] and substrates Rb, Cdc6 and others [1,3]. Since LdCyc1
contains the homologous substrate binding site, it is expected to
interact with cellular targets containing Cy-motif, though the iden-
tity of such proteins in Leishmania is unknown. Moreover, some of
these proteins are likely to be unique as they may be involved in
parasite speciﬁc mechanisms such as coordinated replication of
nuclear and kinetoplast DNA, duplication of single organelles like
ﬂagella basal bodies during cell cycle, and consequently, may be
better therapeutic targets to stop proliferation of the parasite with-
out affecting the host. In this context, we report here the identiﬁ-
cation of three substrates of S-phase cell cycle kinase LdCyc1/
CRK3, one of them being unique to the parasites, based on a screen-
ing of putative ORFs carrying both the cycling binding Cy-motif
and the Cdk phosphorylation site.
2. Materials and methods
2.1. Parasite culture
L. donovani promastigotes strain AG83 (MHOM/IN/83/AG83)
was grown in M199 medium (Sigma–Aldrich) supplemented withlsevier B.V. All rights reserved.
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with gentle shaking.
2.2. PCR ampliﬁcation of putative Open Reading Frames
The PCR were carried out with primer pairs for 28 putative ORFs
(Supplementary Table 1) containing both the conserved cyclin
binding motif RRL(F/L/V/I)(V/F/G/L) and the Cdk phosphorylation
motif (S/T)PX(K/R) from L. major genome sequence database
(www.sanger.ac.uk/Projects/L_major/) using L. donovani genomic
DNA as template with Pfx (Invitrogen) or XT-5 (Bangalore Genei)
DNA polymerase. Since Leishmania genome has a high GC content,
for some reactions, addition of GC-melting MAGIC solution
(Bangalore Genei) was necessary for obtaining speciﬁc product.
2.3. In vitro transcription and translation
The proteins from the ampliﬁed ORFs were expressed with
N-terminal 6His tag using T7 RNA polymerase based RTS100Wheat
Germ Continuous Exchange Cell-Free (CEFC) system (Roche
Applied Science) following the manufacturer’s instructions and
puriﬁed over Ni–NTA agarose (Qiagen).
2.4. Expression of GST-LdCyc1 and LdCRK3 in insect cell
Protein expression in insect cells was carried out using
Bac-to-Bac Baculovirus Expression System (Invitrogen). To obtain
the active kinase complex, the separate baculoviruses carrying
GST-LdCyc1 and LdCRK3 ORFs were used to co-infect Sf9 insect
cells grown in Grace’s insect cell medium containing 10% fetal
bovine serum at 27 C. The complex was puriﬁed over glutathione
Sepharose (GE Healthcare) column. The activity of the kinase com-
plex was checked using histone H1 as substrate in a standard ki-
nase assay and subsequently used in kinase reactions with
in vitro translated proteins. The equally active kinase complex be-
tween bacterially expressed GST-LdCyc1 and LdCRK3 expressed in
insect cells was also prepared and used in the kinase reactions of
bacterially expressed substrate proteins.
2.5. Protein kinase assay
The kinase assay was carried out at 30 C for 30 min in 50 mM
Tris–HCl (pH 8.0) containing 10 mM MgCl2, 50 lM ATP, 5 lg his-
tone H1 or appropriate amount of expressed putative substratesA B
Fig. 1. Expression of the putative substrates of S-phase kinase of L. donovani. (A) The OR
in vitro, puriﬁed and analyzed by SDS–PAGE followed by Coomassie Blue staining and a
with ORF speciﬁc primer pairs from L. donovani cDNA library. Control, empty library vec
bottom is 500 bp.and 2 lCi of [c-32P] ATP in a total volume of 15 ll. The products
were analyzed by SDS–PAGE followed by autoradiography or
phosphorimager analyses with Typhoon scanner (GE Healthcare).
2.6. Protein interaction assay
The interaction assays between LdCyc1 and the identiﬁed sub-
strates were typically carried out by incubating 1 lg of bacterially
puriﬁed substrate protein with glutathione beads bound to 0.5 lg
of either GST or GST-LdCyc1 proteins expressed in bacteria at
4 C for 1 h in a total volume of 0.2 ml of 50 mM Tris–HCl (pH
8.0) containing 250 mM NaCl, 0.5% Triton-X100, 10% glycerol,
1 mM EDTA, 2 mM DTT and protease inhibitors. For competition
experiments, 75 lM of PS100 [11] or Somatostatin (as control)
peptides were added during the interaction assay. Subsequently,
the beads were washed with the same buffer and the bound pro-
teins were analyzed by immunoblotting with appropriate
antibodies.
2.7. Conﬁrmation of cellular expression of genes
A cDNA library was prepared from the total cellular RNA of
L. donovani promastigotes using a kit from Stratagene and used
as template in PCRs with XT-5 thermo-stable DNA polymerase
(Bangalore Genei) with appropriate primer pairs for ampliﬁcation
of portions of the identiﬁed genes to conﬁrm their cellular
expression.
3. Results
3.1. Three proteins containing both Cy-motif and Cdk phosphorylation
sites derived from Leishmania genome database could be expressed
in vitro
Earlier, it was shown that RXL-type Cy-motif and the phosphor-
ylation target site (S/T)PX(K/R) constitute a bipartite substrate
recognition sequence of cyclin dependent kinases [13]. It was also
observed that the speciﬁcity of Clb5-Cdc28 of budding yeast in
S-phase primarily depends on the substrate RXL motif [14]. There-
fore, in order to identify the potential substrates of S-phase cell
cycle kinase LdCyc1/CRK3 from Leishmania [9,10], 28 putative ORFs
containing both the conserved Cy-motif and the Cdk phosphoryla-
tion site were selected from the genome database of L. major for
screening. The ORFs which were larger than 3 kb in length and/orFs Ld29.1050L, Ld28.0070L, Ld14.0140L and a control protein GUS were expressed
nti-His tag immunoblotting. (B) Expression of the messages was conﬁrmed by PCR
tor as template. Markers (M) in all panels are same and ﬁrst intense band from the
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the present studies to avoid the difﬁculties of ampliﬁcation of large
templates from the GC-rich genome and insolubility of the
expressed proteins, respectively. Out of the 28 selected ORFs, 16
could be ampliﬁed speciﬁcally from L. donovani genomic DNA.
Out of them, six could be further ampliﬁed in a second round of
PCR for the preparation of templates of protein expression with
6His-tag in vitro. The tagged proteins could be successfully ex-
pressed from three of the ORFs (29.1050, 28.0070 and 14.0140,
the numbers are as per L. major genome database) in vitro using
wheat germ cell extract (Supplementary Table I). The number of
proteins that could be ﬁnally expressed in the present study is
low most likely due to the difﬁculty of amplifying the targets from
the GC-rich Leishmania genome. The success rate could probably be
improved in future studies by using different combination of GC
melting solutions during PCR. The expressed proteins were puriﬁed
(Fig. 1A) and conﬁrmed for the presence of 6His tag with anti-His
tag immunoblotting. Since the ampliﬁcation and protein expres-
sion were carried out from L. donovani genomic DNA taking the se-
quence information from L. major Friedlin database, we designated
the ORFs as Ld29.1050L (LmF 29.1050 like from L. donovani),
Ld28.0070L and Ld14.0140L having the calculated molecular sizes
of 103, 58.2 and 57.9 kDa, respectively. As shown in Fig. 1A, the
expressed protein bands were detected at the expected positions.
The corresponding ORFs (LdBPK_140140.1, LdBPK_280070.1 and
LdBPK_291140.1) were also identiﬁed in the recently completed
draft genome sequence of L. donovani (http://www.genedb.org/
Homepage/Ldonovani_BPK282A1).
Since all the templates were ampliﬁed from genomic DNA, the
presence of the messages was checked in the expressed sequences
to conﬁrm that the ORFs were actually expressed in cells. As shown
in Fig. 1B, speciﬁc fragments were ampliﬁed for all the identiﬁed
substrates from L. donovani cDNA library conﬁrming that the genes
were indeed expressed in the parasite. Notably, constitutiveA
B C
Fig. 2. (A) Phosphorylation of in vitro translated proteins by GST-LdCyc1/CRK3 complex.
the speciﬁc phosphorylated bands. (B) Cy-motif dependent phosphorylation of bacterial
phosphorylated bands is shown. Coomassie stained gel and anti-GST immunoblots (fo
substrates and kinase complex in different reaction tubes. (C) Cy-motif dependent phos
Anti-LdCyc1 immunoblots are shown instead of anti-GST blots to conﬁrm the presenceexpressions of the corresponding messages were also shown previ-
ously in L. major promastigotes and amastigotes [15].
3.2. The in vitro expressed proteins act as substrates of LdCyc1/CRK3
To test whether the in vitro translated proteins act as
substrates, the kinase assays were carried out with active
GST-LdCyc1/LdCRK3 complex and it was found that all three of
them could be phosphorylated by the kinase complex speciﬁcally
(Fig. 2A). The observed multiple or broad phosphorylated bands
could be due to breakdown of the proteins, some non-speciﬁcally
associated proteins from the extract and/or phosphorylation at
multiple sites. In order to further conﬁrm the authenticity of the
substrates, the kinase assays were repeated with the bacterially
expressed puriﬁed 6His tagged proteins, and expectedly, all three
of them could be phosphorylated (Fig. 2B). Interestingly, the phos-
phorylation of all the proteins was inhibited signiﬁcantly and spe-
ciﬁcally by a peptide (PS100) containing the RRLFG Cy-motif
(Fig. 2B) conﬁrming the Cy-motif mediated substrate docking.
The puriﬁed proteins could also be phosphorylated in a Cy-motif
dependent manner by LdCyc1 associated kinase (Fig. 2C) isolated
from L. donovani promastigote extract through anti-LdCyc1 immu-
noprecipitation [10], suggesting the proteins could be the authen-
tic in vivo substrates.
3.3. Cy-motif dependent interaction between LdCyc1 and the identiﬁed
substrates
To further prove the hypothesis that the identiﬁed substrates
would interact with LdCyc1 directly through their Cy-motif, inter-
action assays were performed between the GST-LdCyc1 and 6His-
tagged substrate proteins. As shown in the Fig. 3, 6His-tagged pro-
teins speciﬁcally interacted with GST-LdCyc1, and expectedly,
PS100 peptide almost completely abolished the interactions,Control, phosphorylation using in vitro translated GUS protein. The arrows indicate
ly expressed putative substrates. For each substrate, a phosphorimager scan of the
r GST-LdCyc1) are also shown to demonstrate the presence of equal amounts of
phorylation by LdCyc1 complex immunoprecipitated from L. donovani extract [10].
of equal amount LdCyc1 in different reactions.
Fig. 3. In vitro interaction between LdCyc1 and the substrate proteins through Cy-
motif. Anti-His tag and anti-GST tag immunoblots were carried out to show the
presence of 6His-tagged substrates and GST or GST-LdCyc1 in the pulled-down
complexes. Input, aliquots of supernatants were immunoblotted with anti-His tag
antibody to demonstrate the presence of equal amount of substrates in all reaction
tubes.
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teins. The data presented here, therefore, conﬁrmed that the iden-
tiﬁed substrates could interact with the cyclin partner of the cell
cycle kinase complex in a Cy-motif dependent manner for being
efﬁciently phosphorylated by the catalytic CRK subunit.
4. Discussion
In the present studies, three substrates of S-phase kinase
LdCyc1/CRK3 of L. donovani were identiﬁed and among them the
derived amino acid sequence of Ld28.0070L did not show homol-
ogy with any previously characterized protein except the predicted
equivalent proteins in related Leishmania species (Fig. 4 andFig. 4. Schematic presentation of the three identiﬁed substrates of LdCyc1/CRK3. The p
cyclin binding Cy-motifs are shown by hollow arrow-heads. The numbers indicate the
conserved Ku-70 related domains. In Ld14.0140L, the solid bar and the empty bar repr
respectively.Supplementary Fig. S1), implying its unique role in parasite speciﬁc
cell cycle related processes. On the other hand, the predicted pri-
mary structure of Ld29.1050L was shown to contain conserved do-
mains of Ku70 protein [16] (Fig. 4 and Supplementary Fig. S2), a
subunit of the versatile heterodimeric protein complex Ku70-
Ku80 that was implicated in various nuclear processes like DNA re-
pair, telomere maintenance and apoptosis [17]. Recently, the role
of Ku proteins was also implicated during the formation of pre-rep-
licative complex at eukaryotic origins and G1–S transition [18].
Moreover, Ku70 was shown to be phosphorylated by the tissue
speciﬁc cyclin A1/Cdk2 kinase in human [19], suggesting that
Ku70 homolog Ld29.1050L could be an authentic substrate of the
L. donovani cell cycle kinase. Notably, the Ld29.0150L protein and
also its homologs from L. infantum and L. braziliensis were found
to contain an extra stretch of 41 amino acids in the middle portion,
which was not found in the L. major protein (Supplementary
Fig. S2). The third identiﬁed substrate Ld14.0140L was found to
contain a MYST (humanMoz, Yeast Ybf2 and Sas2, and mammalian
TIP60) histone acetyl transferase (HAT) domain along with an asso-
ciated chromodomain [16] (Fig. 4 and Supplementary Fig. S3), sug-
gesting that the protein could be a member of MYST family of
HATs. The members of MYST family of HATs were shown to be in-
volved in key regulatory processes in eukaryotic cells. Recently,
human MYST histone acetylase Hbo1 was shown to play critical
role in replication licensing [20] and regulation of its activity
through phosphorylation by CycB/Cdk1 and Plk1 was also impli-
cated [21]. The activity of another MYST family HAT Tip60, which
was found to play an essential role in DNA repair and apoptosis,
was suggested to be controlled through phosphorylation by cyclin
B/Cdk1 [22]. Interestingly, Trypanosoma brucei HAT1, which was
found to be homologous to Ld14.0140L, was implicated to be
essential for proper nuclear DNA replication in the organism [23].
Therefore, the phosphorylation of the HAT homolog by S-phase
speciﬁc cell cycle kinase raised the possibility of regulation of chro-
matin remodeling during replication through the post-transla-
tional modiﬁcation.
In summary, three substrates of an S-phase cyclin/Cdk from L.
donovani could be identiﬁed in the present studies with one of
them being unique to the parasite. It would be interesting to deter-
mine the effect of such phosphorylation on cellular metabolism
particularly of the parasites and eukaryotes in general.Note
The nucleotide sequence data reported in this paper are
available in the GenBank™, EMBL and DDBJ databases under theotential phosphorylation sites are indicated by solid arrow-heads and the putative
position of the ﬁrst residue in a motif. In Ld29.1050L, the empty bars denote the
esent the conserved chromo-domain and MYST histone acetyl transferase domain,
A.K. Maity et al. / FEBS Letters 585 (2011) 2635–2639 2639Accession numbers HM120719, HQ264173 and HQ264174 (for
Ld14.0140L, Ld28.0070L and Ld29.1050L, respectively).
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